I. INTRODUCTION
One of the successful ways of heating tokamak plasmas is to inject radio-frequency waves in the ion-cyclotron range of frequencies (ICRF). Usually, in this scenario, the fast Alfv6n wave (FAW) is excited at the edge of the plasma. As it propagates into the plasma it encounters cyclotron harmonic resonances and singular layers where other normal modes of the plasma can be excited. Such regions are commonly designated as "mode-conversion regions." In the conventional treatment of ICRF heating, starting with a k 1 1 (component of the wave vector parallel to the total magnetic field) spectrum imposed by the antenna, the FAW couples to the ion-Bernstein wave (IBW) near the cyclotron harmonic resonances in a single ion-species plasma, or near the two ion-hybrid resonance layer for a two ionspecies plasma. In a single ion-species plasma the second ion-cyclotron harmonic is located inside the plasma; in a two ion-species plasma the second harmonic of the majority ions and the two-ion hybrid resonance layer are located in the plasma. ICRF heating in a two ion-species plasma has generally led to more effective results than heating in a single ion-species plasma.
In the mode-conversion regions wave propagation and damping cannot be treated by geometrical optics techniques. In general, the wave-couplings in such regions must be described by (integro) differential equations for the fields [1, 2] ; their solution, if at all possible, require complicated numerical techniques. Since the mode-conversion region is very narrow compared to the plasma (minor) radius, a frequent simplification is to model the problem in slab geometry. The solutions outside the mode-conversion region are matched to the WKB modes in the plasma which satisfy the geometrical optics criteria. Then, the mode-conversion region is characterized by transmission, reflection, mode-conversion, and dissipation power densities. Even in the slab geometry model, the solution to the approximate differential formulation requires intense computations [3,4,5,61. Hence, recent efforts have concentrated on developing simpler models of mode-conversion regions. These simpler models lend themselves to an easier understanding of this type of heating. The construction of such models requires the reduction in the order of the differential equation description of the mode-conversion process (7, 8] .
In this paper we focus on obtaining the dissipation of the linear wave energy which results in heating of the plasma. Such dissipation is dependent on kg which will be treated as a parameter as it is determined mainly by the antenna. We show that, except for a narrow region of k 1 1 's where mode-conversion is important, energy dissipation can be accurately determined from appropriate local anlayses. A closed form analytical result for the dissipation is obtained that lends itself to a scaling analysis of heating. In the region of validity of our model, the results are in excellent agreement with those obtained from a numerical analysis of higher order model differential equations [1] that are commonly used to describe the mode-conversion region.
We examine in detail the local dispersion relation for a slab geometry model in the vicinity of the cyclotron harmonic resonance and the two-ion hybrid resonance. The dispersion relation is the one derived from the Vlasov-Maxwell set of equations assuming a Maxwellian plasma. Over the region of interest, we assume a linear variation in the magnetic field in which the plasma is immersed. The variation is incorporated in a WKB sense into the dispersion relation through the cyclotron frequencies. We find that for ki ~ 0 there exists another kinetic mode near the cyclotron harmonic resonance which couples to the FAW. The existence of this mode has been noted before [9] but it has been ignored in analyses of the coupling of the FAW to the IBW. We study the consequences of this mode on the coupling to the IBW. For larger values of kl this new mode does not affect the coupling of the FAW to the IBW. However, the coupling between the FAW and IBW is affected when k 1 1 is increased. For small kii, the cyclotron resonance layer and the ion-ion hybrid resonance are distinctly separated and the FAW and the IBW are strongly coupled. As k 1 l is increased the coupling between the modes weakens and eventually the FAW is decoupled from the IBW. By approximating the dispersion relation in the region of interest, we determine the conditions under which the ion-cyclotron absorption region is distinctly separated from the mode-conversion region and also the condition when the FAW is decoupled from the IBW. In either of these two cases we use the geometrical optics approximations to determine the damping of the FAW. An algebraic expression for this damping is determined and is found to be in excellent agreement with the results obtained from a more detailed analysis of the mode-conversion regions.
II. THE KINETIC DISPERSION RELATION
We assume that the local dispersion relation relation describing ICRF waves in a magnetized Maxwellian plasma is given by [10]
where and the minority species hydrogen (H) by a = 2. The ratio of the minority to majority concentration is rq = n 2 /n 1 and is assumed to be much less than one. This dispersion relation is valid in the limit of zero electron mass. For waves in the ion-cyclotron regime this is a good approximation.
We assume that in the region of interest near the center of the plasma, the plasma can be considered a rectangular slab. The magnetic field is taken to be along the zdirection (toroidal direction) with a slow variation in xc (the radial direction) given by
where R 0 is the major radius and x = 0 is the center of the plasma. shows a numerical solution of (1) for PLT type parameters with 7 = 0.05 and for nli = 3.
The damping coefficient is given by
and the fraction of the power dissipated is 
III. THE APPROXIMATE DISPERSION RELATION
In order to describe the numerically observed behaviour of the dispersion relation, we construct an approximate dispersion relation. Since we are interested only in the region w ~ 2f 1 , we only need to keep m = 0, ±1, 2 terms for the majority and m = 0, 1 terms for the minority. We assume that A, << 1 
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where
We assume x,7 < < 1. The elements (4) are then used in (1) to obtain the approximate dispersion relation.
A. Perpendicular Propagation
For the case where k1 = 0, the asymptotic expansion of the Z functions gives 
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Ignoring the last two terms of (5) gives a good description of the FAW and the IBW without the KEW. We solved for the roots and have listed them in Appendix 1. The four regions arise naturally. We find that the low field edge of region 2 is at x = -(7/2)Ro and the FAW will go to a cutoff when 77 ; 2p1. This criterion on it is satisfied for most plasmas of interest so an ion-ion hybrid scenerio refers generally to a dispersion relation with a FAW cut off.
B. Oblique Propagation
For k 1 l 5 0 we must substitute (4) directly into (1) and keep terms to order A'. The resulting dispersion relation has a real and an imaginary part. It is dependent on six small kIIp, >
kili
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We approximate Imk±(x) with a Gaussian. The first term in (10) is due to ion cyclotron damping and the second term is the remnant coupling to the KEW. The maximum of (9) is k 1 o and it occurs at
The argument of the Gaussian is determined by matching to the tail of the damping profile.
Expanding in the asymptotic regime of the Z-function gives for 7 = 0
T3
and for 7q > 20, the result is
3I+20 )

2C_
2/4.
(13)
In a two ion-species plasma the damping is due predominantly to the minority. This is manifested by the factor of 1/4 in the argument of the exponential in (13) which is a consequence of the fact that the Z-function argument of the minority is a factor of two less than that of the majority. With these considerations we let Imk I = koe-C 2 for 77 = 0, and Imk 1 = k 1 oeC 2 /4 for 7 > 261. Using (7) and (10) in (2) The fraction of the power dissipated given by (3) for low field incidence is plotted in fig.   9 for the parameters of fig. 6 and compared to the numerical solution of the fourth order differential equation [1] . It is difficult to make a direct comparison since (3) only gives the damping on the FAW for a single pass but any part of the FAW that is reflected is also damped. In order to compensate for this the values for the reflection coefficients from the numerical results were used to compute the damping on the reflected wave using ii) Large k 1 l
In this regime we consider the case where f 1 < 6 << 1. In section II. B we found that g.o. is applicable in the large kIc regime when the FAW and the IBW are decoupled.
The criteria for decoupling is chosen to be satisfied when the peak of the damping region 
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These criteria require a larger kI 1 for decoupling than the k 1 1 required by previous criteria [7] .
Full decoupling is considered to be achieved only when the fast wave is varying slowly enough for geometrical optics to apply. The decoupling is well described by allowing the peak damping to coincide with the high field side of region 3. However, the approximate dispersion relation from where these criteria were calculated ignore x/Ro with respect to unity. The error arising from this approximation leads to an enlargement of region 3 towards the high field side [11] . This discrepency in (17b) begins to become apparant for 77 larger than 0.03 To account for this a new criterion is used to replace (17b) for 7 > 0.03.
This criterion is satisfied when the peak damping reaches the center of region 3. This then
which is similar to that in [7] . The criteria (17a), (17b) and (17c) should only be used as rough guidelines to when the expressions are valid.
Proceeding with a similar method as before the profile of the imaginary part of the FAW is found. For small arguments of the Z function These expressions lose validity when kIc is so large that 62 becomes larger than P1. At such large k 11 , the topology of the dispersion relation changes and kIi begins to dominate k-L invalidating the approximation.
In the large kl regime the peak of the profile does not lie in the small C regime. It is 
From this we obtain S=rRoa6 (2+ 4).
(23)
In most cases 6 2 /1 is not very small so the full expression for r. and n 2 should be used in order to get accurate numerical results. This is applicable to both single and double ion species plasmas. r. = 0 for a single species case. The fraction of the power dissipated for low field incidence is plotted for large kii and compared to fourth order computations [1] in figs. 9 and 10. The theory compares very well with the numerical results for large kg .
IV. CONCLUSION
We have derived the conditions under which the damping along the FAW can be obtained by using the geometrical optics approximations. Furthermore, we have also derived an expression for the damping. There are basically two distinct regimes for the validity of g.o. and these regimes are determined by the parameters describing the plasma. We distinguish these regimes conveniently in the kll-space. One regime is for small k 1 
